To determine the possible contribution of apoptosis in the pathogenesis of ARDS, we investigated the role of exogenous surfactant in a rodent model of ARDS after intratracheal instillation of lipopolysaccharide. Adult male Sprague Dawley rats were divided into four groups: buffer controls; rats challenged with LPS (055:B5 E.coli); challenged with LPS and treated with porcine surfactant (P-SF); and challenged with LPS and treated with synthetic surfactant (S-SF). Parameters of lung injury and inflammation were assessed 72h after treatment. We demonstrated that intratracheal administration of LPS could provoke significant lung injury, which was characterized by increase of MPO activity, wet/dry lung weight ratio, cytokine levels in bronchoalveolar lavage fluid (BALF), apoptosis of BALF cells and caspase-3 activity in lung tissue. Intratracheally delivered surfactant significantly reduced the parameters of LPS-induced inflammation: infiltration of inflammatory cells into lung tissue and BALF, pulmonary edema, lung myeloperoxidase activity, lipid peroxidation, caspase-3 activity, number of apoptotic BALF cells, lactate dehydrogenase level & pro-inflammatory cytokines levels. Taken together, the present data demonstrate that exogenous surfactant systemically attenuates lipopolysaccharide-induced inflammation.
Introduction
Pulmonary surfactant is a complex of highly bioactive phospholipids and proteins that cover the alveolar epithelial surface of the lungs [1] .
Surfactant is synthesized in the alveolar type-II cells, stored in the lamellar bodies, and secreted to the alveolar space where it undergoes complex changes [2] . The composition of surfactant includes phospholipids (85%) and main component is dipalmitoylphosphatidylcholine (DPPC). In addition, surfactant contains different apoproteins, neutral lipids and carbohydrates [3] . Pulmonary-surfactant dysfunction can lead to acute lung injury and is characterized by alveolar instability, floating and collapse. These abnormalities have been shown to occur in acute respiratory distress syndrome (ARDS) [4, 5] and infant respiratory distress syndrome (IRDS) [6] . It is now known that surfactant dysfunction plays a major role in the pathophysiology of ARDS [5, 7] , and functional changes have been described not only in patients with established ARDS, but also in patients at risk [7] [8] [9] . The main biochemical abnormalities include an 80% fall in the total phospholipid content, decline in the fractional content of DPPC and phosphatidylglycerol and other fractions, and loss of apoproteins (90% of surfactant protein SP-A and SP-B) [5, 6] . This loss of alveolar surfactant is due to several factors including intratracheal application of bacterial endotoxin which leads to an inflammatory reaction with pathologic characteristics, resembling an acute respiratory distress syndrome. The acute lung injury (ALI) represents a suitable experimental system to investigate the immunopathologic mechanisms of acute respiratory distress syndrome [10] . Exogenous surfactant replacement therapy has been successfully achieved in IRDS [6] , but clinical trials in ARDS have had mixed results.
Lipopolysaccharide (LPS) is a major pathogenic factor in gram-negative sepsis, which is characterized by shock and multiorgan dysfunction. In response to systemic LPS exposure, proinflammatory cytokines such as tumor necrosis factor (TNF-α), interleukin (IL)-1β, and interferon-γ (IFN-γ) are produced by the host, which have been shown to either directly or indirectly mediate many of the hemodynamic and inflammatory changes, and organ damage in sepsis. Animal models of septic shock indicated that apoptosis, an active cellular process of cell death under genetic control, contributed to the primary organ damage [11] . The respiratory system is continuously exposed to low levels of LPS, which is ubiquitously present as a contaminant on airborne particles, including air pollution [12] , organic dust [13] , and cigarette smoke [14] . Exposure to high LPS levels is known to provoke acute lung inflammation, partly initiated via the early endogenous induction of IL-1β and TNF-α in the lung. These cytokines are thought to contribute to the pathogenesis of acute inflammation by inducing the expression of endothelial leukocyte adhesion molecules and chemokines such as monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-2 (MIP-2). All these inflammatory mediators together play a crucial role in the orchestration of an inflammatory response consequently leading to recruitment of neutrophils into alveoli. Neutrophils play a prominent role in the host defense against pathogens, but are also considered to be responsible for pulmonary injury, manifested by increased lung vascular permeability, edema, and cell death [15] . The presence of neutrophils was suggested to induce apoptotic cell death in primary human bronchial epithelial cells [16] . Studies suggest that cytokines and chemokines do not only originate from the alveolar macrophages, but also from other cells such as epithelial cells [17] . Also in vitro studies indicated that LPS can directly trigger pulmonary cells to undergo apoptosis [18] .
In view of the continuous exposure of the lungs to LPS, we studied whether local exposure to LPS in vivo results in inflammation of lungs and to see the efficacy of exogenous surfactant on LPS induced ARDS pathogenesis. To this end, rats were intratracheally challenged with LPS and treated with exogenous surfactant, and parameters of lung injury and inflammation were assessed 72h after treatment.
Material and methods

Animal modal
Male rats of S.D. strain, weighing 150-200g were taken from the Central Animal House of Panjab University for all the studies as described here. The animals were kept in polypropylene cages under hygienic conditions and supplied with pellet diet and drinking water ad libitum. Control group of animals were administered with 300µl of the buffer (50mM Tris-HCl, pH-7.4, 150mM NaCl, 1mM NaN 3 & 0.2mM PMSF). For LPS animals, endotoxin (150µg of 055:B5 E.coli LPS) was suspended in 300µl of surfactant buffer. All rats were anesthetized with ketamine (130mg/kg. i.p.), such that they remained unconscious throughout the entire instillation procedure and had no cough reflex upon intubation. A small incision was made on the ventral region of the neck and the trachea carefully exposed. Animals were then placed on a slight incline, intubated with a 26-gauge needle and either buffer or LPS instilled followed by 2-3 boluses of 1ml air to facilitate the distribution of the instilled fluid. Shortly thereafter, when normal spontaneous breathing was apparent, the neck incision was closed with silk sutures. To avoid any infection the betadine and neosporin powder were applied to the wound area. Two hours prior to killing, surfactant isolated from porcine (500µg protein/300µl) or synthetic surfactant (6.95mg/300µl) were intratracheally instilled in P-SF and S-SF groups, respectively after LPS administration following the identical instillation procedure. The animals were sacrificed at 72 hours after buffer or LPS instillation [19] . All of the animal procedures as reported here had been carried out following the guidelines approved by the Panjab University Ethical Committee on the use of the experimental animals for biomedical research.
Surfactant preparation
Surfactant was isolated from porcine lung homogenate (P-SF) by sucrose density gradient method [20] and protein free synthetic surfactant (S-SF) was prepared with 13.9mg/ml dipalmitoylphosphohatidyl choline (DPPC), 1.5mg/ml hexadecanol and 1.0mg/ml Tylaxopol [21] .
Bronchoalveolar lavage fluid (BALF) isolation
At the end of each experiment, a bronchoalveolar lavage was performed using 5ml phosphate buffered saline (PBS, pH-7.4). The average fluid recovery was greater than 90%. The recovered volume was centrifuged at 1000 rpm for 10 min at 4 0 C and the supernatants were stored at -20 0 C until analysed. Furthermore, the cell pellet was redissolved in PBS and subsequently the number of total cells as well as the fraction of neutrophils were counted using a Neubayer's hemocytometer.
Differential counts were performed on 200 cells stained with Wright Giemsa [22] .
Pulmonary edema formation
Pulmonary edema was estimated by the wet/dry (W/D) lung weight ratio, a technique commonly used for assessment of experimental lung injury [23] . Briefly, after exposure to the desired experimental condition, animals were killed. One lobe of lung tissue from lower right lobe was cut and its wet weight was determined in an automatic electronic balance (Shimadzu, Japan). The lung tissue was then put in an oven at 90 O C for 48hr and weighed again to obtain its dry weight for calculation of wet-to-dry lung weight ratio.
Determination of MPO activity
Myeloperoxidase (MPO) was determined for the relative number of PMN sequestered in the lungs. Lung tissue samples (200mg) were homogenised in 1.8ml of 0.5% of hexadecyltrimethylammonium bromide in 50mM potassium phosphate buffer (pH 6.0) with detergent in an ice bath. Samples were sonicated to disrupt the granules and solubilize them in the hexadecyltrimethylammonium bromide. Samples were then centrifuged at 8,000 rpm for 10min at 4 0 C. Assay buffer comprised 750µl of 1.7mM H 2 O 2 and 650µl of 2.5mM 4-aminoantipyrene with 2% phenol. An aliquot of 100µl of supernatant of each sample was mixed into 1.4ml of assay buffer at room temperature. Results are expressed as relative change in absorbance per minute at 460nm. One unit of MPO was defined as causing a change of 1.0 absorbance and the data were expressed as U/g lung tissue [24].
Determination of MDA levels
MDA levels in lung tissue were determined as an indicator of lipid peroxidation. Lung tissue was homogenised in 1.15% KCl solution. An aliquot (100µl) of the homogenate was added to a reaction mixture containing 200µl of 8.1% thiobarbituric acid and 700µl of distilled water. Samples were then boiled for 30 min at 100 0 C and centrifuged at 3,000 rpm for 10min. The absorbance of the supernatant was measured spectrophotometrically at 532nm [25] .
Cytokines measurement in BAL fluid
The concentration of IL-1β, TNF-α, IFN-γ, MCP-I and MIP-2 in rats BAL fluid were measured by using a commercially available ELISA kit (Bender Med Systems, CA, USA and Ray Biotech Inc, Norcross, GA, USA). Optical density was read at 450nm using a microplate reader MIOS mini (Merck, USA).
Lactate dehydrogenase (LDH) assay
Lactate dehydrogenase levels were assayed in BALF as a measure of lung injury using a cytotoxicity detection kit (Cayman Chemicals, Ann Arbor, MI, USA). LDH catalyses the reduction of NAD + to NADH and H + by oxidation of lactate to pyruvate. Diaphorase uses the newly formed NADH and H + to catalyse the reduction of a tetrazolium salt to highly colored formazan which absorbs strongly at 490-520nm. The amount of formazon produced is proportional to the amount of LDH released into the culture medium as a result of cytotoxicity. Optical density was read at 490nm using a microplate reader MIOS mini (Merck, USA).
Caspase activity analysis
The activity of caspase-1 and caspase-3 were determined using a fluorimetric assay system. In brief, lung protein extracts were prepared by the homogenization of frozen lung tissues in a hypotonic buffer (25mM Hepes, pH 7.5, 5mM MgCl 2 , 1mM phenylmethyl sulfonyl fluoride (PMSF), 1mg/ml leupeptin and aprotinin). Homogenates were centrifuged (15,000 rpm, 10 min, 4 0 C), and the supernatants were used. 20ug of the extracted proteins were incubated with the fluorescent substrates YVAD-AMC (Ac-Tyr-ValAla-Asp-aminomethylcoumarin) for caspase-1 or DEVD-AMC (Ac-Asp-Gul-Val-Aspaminomethylcoumarin) for caspase-3. The fluorescence of cleaved substrates was determined using a spectrofluorimeter (Perkin Elmer LS55) at an excitation wavelength of 360nm and an emission wavelength of 460nm. The caspase activity was expressed in picomoles per minute per milligram of protein [26] .
Protein estimation by Bradford method
The method followed was based on the details given in the product description as provided by the manufacturer (Sigma, USA). To 50µl of tissue homogenate was added 1.5 ml of Bradford reagent to each tube and vortexed gently for thorough mixing and incubated at room temp for 5 min. Samples were then read for their absorbance at 595 nm. Appropriate standards were also run along with the tests.
Apoptosis by fluorescent dyes co-staining
Acridine orange is a fluorescent agent, which can intercalate (slip in) between base pairs (bp) in the central stack of DNA helix and bind to the G-C base pairs. This staining procedure was performed according to the details provided by Baker et al [27] . Briefly, the cells were suspended in PBS (pH 7.4, HiMedia, Mumbai, India) and were dual stained with acridine orange and ethidium bromide (1 μg/ml) in the same concentration for 5 min at 37 o C. Yellow and green fluorescence cells were examined under fluorescence microscope (x 400) (Axioscope, Zeiss, Germany). In Hoechst 33342-propidium iodide co-staining, Hoechst 33342 dye is used to stain DNA, because it is also a DNA intercalating dye and binds to A-T base pairs. Staining procedure was performed by the method of Yuan et al [28] . Briefly, to 10 μl of the harvested cells, 5μl of 1mg/ml propidium iodide (PI) and 5μl of 1mg/ml Hoechst 33342 dye was added under dark conditions. Cell suspension was kept at room temp for 5 min and after this cell suspension was placed on a clean glass slide and examined under a fluorescence microscope for red and blue fluorescent cells. For quantification of the extent of apoptosis, a total of 100 cells from five different slides were observed and photographed at 40 fold magnification using a Zeiss Axioscope microscope (Carl Zeiss, Germany). Percentages of apoptotic cells were calculated for the individual animal.
Statistical analysis:
Statistical analysis was performed using SPSS version 10.0 software. One way analysis of variance (ANOVA) was done to compare the means between the different treatments using Post-Hoc comparison by Least Significant Difference (LSD) method. A value of p < 0.05 was considered significant in the present study. All data were expressed as Mean ± SD of five animals for each group. 
Results
Analysis of the inflammatory cells in BALF
BALF was used to assay the neutrophil count as an independent assessment of alveolar inflammation. A large number of neutrophils migrated into the alveolar spaces 72h after LPS instillation. In the present results, the numbers of total cells and neutrophils were significantly increased in LPS treated rats as compared to the control rats. Exogenous surfactant administration decreased the numbers of total cells and neutrophils in rats stimulated with LPS. Cell count and differential results are summarized in Figure  1 . Total cells equaled 86 x 10 4 cells /ml out of which 91.41% were alveolar macrophages and 8.58% were neutrophils in the control group. With LPS exposure a marked increase in the total cells occurred, 178.5 x 10 4 cells/ml, p<0.001 principally due to an influx of the neutrophils (41.84% neutrophils and 58.15% alveolar macrophages). A decrease in total cell count and profile had changed again with both exogenous surfactant, in P-SF (total cell count is 113.5 x 10 4 cells/ml, 22.52% neutrophils, 77.47% alveolar macrophages) and in S-SF group (total cell count is 142.5 x 10 4 cells/ml, 37.81% neutrophils, 62.18% alveolar macrophages).
Pulmonary edema assessment
Intratracheal injection of endotoxin into the rats increased wet/dry weight ratio from 5.23 ± 0.053 to 6.04 ± 0.013 while with P-SF the W/D weight ratio was reduced to 5.493 ± 0.051 and to 5.671 ± 0.060 with S-SF (Figure 2 ).
Neutrophil influx
MPO activity in lung homogenates was measured to quantify the relative neutrophil accumulation in the lung. As shown in figure 3 MPO activity was not detected (negligible) in lung homogenates from control rats (0.0225 ± 0.006U/g) but MPO activity significantly increased to 1.308 ± 0.47U/g at 72 h after LPS instillation whereas with surfactant treatments the MPO activity was lowered to 0.284 ± 0.025U/g and 0.542 ± 0.141U/g with P-SF and S-SF, respectively. 
MDA levels
Similarly, LPS induced significant increase in MDA levels (26.91 ± 0.88, p<0.001) in lung tissue compared to that in saline solution control group (17.03 ± 1.82). Treatment with surfactant significantly attenuated the increase in MDA level in P-SF (22.1 ± 1.56) and S-SF (22.53 ± 1.22) group lung tissues (Figure 4 ).
Cytokines level in BALF
In control animals, the IL-1β concentration of 659pg/ml was measured in the respiratory compartment.
Upon lipopolysaccharide stimulation, it increased to 928.6pg/ml (p<0.001) and was attenuated by intratracheally applied P-SF to 681pg/ml (p<0.001). S-SF reduced IL-1β to 686pg/ml (p<0.001) ( Figure 5 ). TNF-α concentration increased from 383.5pg/ml in control animals to 616.3pg/ml in endotoxin injured animals (p<0.001). In the presence of intratracheally applied exogenous surfactant, TNF-α level were reduced to 484.6pg/ml and 554pg/ml by P-SF and S-SF, respectively.
IFN-γ levels were increased from 357.0 pg/ml in control rats to 544.3 pg/ml in LPS treated groups (p<0.001). With instillation of surfactant the IFN-γ levels were 484.5 pg/ml in P-SF and 492.0 pg/ml (p<0.001) in S-SF group (p<0.001).
MCP-1 plays a crucial role in neutrophil recruitment in the endotoxin-induced lung injury. In control lungs, a MCP-1 concentration of 1238.5pg/ml was measured, which increased to 1760.5pg/ml in lipopolysaccharide injured lungs (p<0.001). In the presence of intratracheal P-SF, this increase was reduced to 1323pg/ml. S-SF instillation lowered the MCP-1 concentration to 1578pg/ml.
Endotoxin caused an increase in MIP-2 level in the BALF from 346.6pg/ml (control animals) to 483.16pg/ml (p<0.001). Surfactant was administered intratracheally and MIP-2 level was decreased to 469.5pg/ml and 475.5pg/ml with P-SF and S-SF, respectively (p<0.001).
LDH assay
Compared with the control group LDH levels were found to be elevated significantly in BALF of LPS (2165.3 ± 71.56, p<0.001) administered rats ( Figure 6 ), whereas with exogenous surfactant the LDH levels were reduced to 1652.6 ± 33.71, p<0.001 with P-SF and to 2022 ± 29.6, p<0.001 with S-SF. 
The caspase-1 and caspase-3 activity in lung tissues
Accumulating evidence indicates that the activation of caspases is critical for many forms of apoptotic cell death. We examined whether the caspase activity was increased after LPS administration. Lung extracts were incubated with the tetrapeptide substrates YVAD-AMC or DEVD-AMC. YVAD-AMC is a preferred substrate for caspase-1 and DEVD-AMC is a preferred substrate for caspase-3. Figure 7 demonstrates the change of caspase-1 and caspase-3 activity in the lung tissues. The enzyme activity was assayed by measuring the extent of cleavage of the peptide substrate by the extracts. Although no change was observed in caspase-1 activity, caspase-3 activity was significantly increased in LPS treated group. The exogenous surfactant treatment suppressed caspase-3 activity in lung tissue after LPS administration (control and LPS instilled rats, 2370 ± 355.8 and 4348.5 ± 382.2, p<0.001; LPS+P-SF and LPS+S-SF, 2297.9 ± 126.4 and 2841.3 ± 238.8, p<0.001, respectively, units: pmol/min/mgprotein) Figure 8 showed the dual staining of BALF cells with fluorescent dyes. In figure 8a , yellow colored cells were apoptotic whereas green cells were live cells, and red cells depicts the necrotic cells with acridine orange-ethidium bromide. In figure 8b , blue cells were live cells whereas pink cells were apoptotic cells with propidium iodide and Hoechst 33342. Quantitatively, acridine orange and ethidium bromide staining revealed an increased percentage of apoptosis in LPS administered group (49%) as compared to the control group (14%). With exogenous surfactant the percentage was reduced to 17% and to 25% with P-SF and S-SF, respectively, as shown in figure 9 . Similarly, with propidium iodide and Hoechst 33342 co-staining, 13% apoptotic cells were found in controls rats which were raised to 52% in LPS group. Further with P-SF the percentage was reduced to 16% and to 24% with S-SF. 
Apoptosis by fluorescent dyes
Discussion
Although the intratracheal LPS instillation in murine model is a model of self-limited lung inflammation, it reproduces many features of sepsis-induced acute lung injury [29] which prompted us to carry out the present study with surfactant intubated attenuation of such injury. Several previous reports have indicated that lung injury following LPS instillation is initiated by a rapid influx of neutrophils into the airspaces followed by excessive inflammation [30] . In our study we demonstrated that intratracheal administration of endotoxin could provoke significant lung injury, which was characterized by neutrophil accumulation, pulmonary edema, cytokines and LDH levels in BALF and apoptosis of the lung associated cells. It was found that exogenous surfactant could decrease neutrophil accumulation into the lung tissue and pulmonary edema from endotoxin challenge, which might act through inhibiting the generation of proinflammatory cytokines.
The neutrophil is the primary cellular mediator in ARDS, and pulmonary neutrophil accumulation in the patients is evident in lung biopsies, postmortem specimens, and also in bronchoaveolar lavage fluid. Apoptosis of neutrophils is generally considered to be important in the resolution of inflammation [31] and apoptosis provides a way to remove neutrophils from an area of inflammation with minimal damage to the surrounding tissue. Strategies directed against either neutrophils accumulation or neutrophils function have been found to reduce sepsis induced acute lung injury [32] . The lower sequestration of neutrophils in the lung in the present study (BALF neutrophil count and tissue MPO activity) in the surfactant-LPS group suggested that neutrophil-mediated inflammation in the lung could be inhibited by surfactant. Exogenous surfactant is known to exert a variety of effects on neutrophils under experimental conditions. In quantitative terms, surfactant decreases the number of circulating neutrophils and suppresses the release of neutrophils from the bone marrow that is normally provoked by endotoxin or other stimuli [33] . In qualitative terms, surfactant decreases an in vivo migration of neutrophils [33] , which could be occurring at endotoxin exposure.
TNF-α is regarded as the most important proinflammatory cytokine, and is released early after an inflammatory stimulus [34] while IL-1 contributes to both morbidity and mortality in conditions of "uncontrolled" inflammation [35] . Because alveolar macrophages are known to produce all three of these cytokines (TNF-α, IL-1α, IL-1β), it is likely that macrophages are the major source of these cytokines after intratracheal instillation of LPS [36] . This early production of cytokines (IL-1 and TNF-α) may be an early response by alveolar macrophages that initiates the cytokine cascade, and signals other cells in the lung to produce "distal" cytokines and other chemokines such as MCP-1 and MIP-2 that are important for signaling neutrophilic immigration.
Apoptosis or programmed cell death, plays a major role in cellular homeostasis, maintaining the delicate balance between cell proliferation and cell death [37] , while recent data indicate that apoptosis plays an important role in several diseases. One of the intracellular events required for cell death is the activation of caspase, an Asp specific serine protease. A recent study has revealed two main pathways of caspase activation [38] . In the first pathway, the activation of initiator caspase-8 is triggered by the ligation of death receptors, including Fas and tumor necrosis factor type-1 receptors. In the second pathway, a variety of extracellular and intracellular death stimuli trigger the release of cytochrome c from mitochondria. Cytosolic cytochrome c binds to Apaf-1 (apoptotic protease activating factor-1), and Apaf-1 promotes the activation of caspase-9. Active caspase-8 or caspase-9 activates the effector caspase-3 [39] . The active caspase-3 mediates the cleavage of apoptotic regulators, resulting in morphological features of apoptosis and demise of the cell. We have shown here that the caspase-3 activity and the number of apoptotic cells in the lung dramatically increased in an LPSinduced acute lung injury model. Administration of exogenous surfactant in vivo inhibited the caspase-3 activity and prevented LPS-mediated apoptosis. In contrast to caspase-3, no increase in caspase-1 activity was observed in the lung tissue of LPS-administered rat. An increase of caspase-3 activity without any change of caspase-1 activity has also been observed in LPS-stimulated liver tissues in D-galactosamine sensitized mice [40] . Caspase-1 is considered not to be important in apoptotic processes but to be the key factor in generating the bioactive form of the proinflammatory cytokine IL-1β from its biologically inactive precursor [41] . Although caspase-1 activity was not increased in lung tissues, IL-1β concentration in the BALF was increased after LPS administration.
Intratracheal instillation of LPS induces the production of inflammatory cytokines that contribute to the pathogenesis of lung injury. LPS stimulates the synthesis and release of proinflammatory cytokines such as IL-1β, TNF-α, IFN-γ, MCP-1 and MIP-2 from monocytes and macrophages. These cytokines can further activate monocytes, neutrophils and lymphocytes, initiating cellular injury and tissue damage [42, 43] . Among inflammatory cells, activated alveolar macrophages and infiltrated/activated neutrophils are believed to play a major role in releasing various kinds of inflammatory cytokines and proteinases 1 [44] .
In conclusion, in the present study lung dysfunction is associated with marked rise in inflammatory parameters and decrease with surfactant treatment in an animal model of endotoxin-induced ARDS. However, the benefits of exogenous surfactant and treatment strategies should be carefully evaluated against possible side effects, such as increased infection as well as the associated immunological concerns.
